Abstract
Background
Tracheostomy is a common surgical procedure [1] , first defined in modern medicine by Jackson [2] in 1909 and was performed primarily for airway stenosis. As modern intensive care developed, the functionality of tracheostomy shifted to long-term ventilation and management of pulmonary secretions [1] . The indications for a tracheostomy include anticipated prolonged respiratory assistance, access to lower airway secretions and the prevention of injury to larynx [3] .
Within the last two decades, open surgical tracheostomy has been increasingly replaced by percutaneous dilational tracheostomy [4] . Sheldon et al. [5] performed the first trials of bedside percutaneous tracheostomy in 1955, but it was not widely used until Ciaglia et al. [6] described the first percutaneous dilational tracheostomy (PDT) in 1985. Minimal complication rates, efficiency, cost-effectiveness [5, 7, 8] and the convenience of the bedside procedure [6, 9, 10] have resulted in widespread use of this technique.
The introduction of flexible bronchoscopy has made tracheostomy easy to teach with minor intraoperative complications in the hands of an experienced team [11, 12] .
Much less is reported about the potential late complications of dilational tracheostomy compared with the surgical technique [8, 13] . Several studies have compared the short-and long-term outcomes of open tracheostomy with PDT [14] [15] [16] . Short-term benefits of PDT over open tracheostomy in the uncomplicated patient are decreased hemorrhage at the wound site, less infection, decreased tube displacement, and lower costs [17, 18] . Long-term complications suggested a decrease in tracheal stenosis [19] .
The commonest arguments in favour of dilational tracheostomy are reduced operative time, ease of performance, ability to be performed at the bedside and lower cost [20, 21] . However, if flexible bronchoscopy is performed, both procedures require sedation, special equipment and assistance, bringing into question some of the advantages proposed for dilational tracheostomy [22] . In fact, all tracheostomy techniques can be performed at the bedside with relative ease [18] . Nevertheless, the perceived advantages of dilational techniques make this procedure the first choice [23] for the critically ill patient needing long-term airway control [24] .
Increasing number of patients with a tracheostoma are discharged from the intensive care unit prior to decannulation. Few intensive care services carry out long-term follow-up of these patients [23] . Recent case reports, suggest that there may be a high incidence of suprastomal and subglottic tracheal stenosis as a late complication after dilational tracheostomy [25, 26] .
Several theories relating to causes of tracheal stenosis after PDT have been proposed in the literature, including aberrant placement of the tracheostomy and increased insertional pressure on the cartilage [1] . In a series by Norwood et al. [13] , 11 (31%) of 422 long-term PDT patients had more than 10% stenosis documented by tracheal computed tomography (CT), and 2% had severe stenosis reducing the tracheal diameter by >50%. All areas of stenosis in the study of Norwood et al. [13] occurred at the stoma site. These studies prompted a preliminary cadaveric study to evaluate the anatomical effects of PDT at the stoma and surrounding insertion site for a common injury pattern that may contribute to tracheal stenosis.
Method of tracheotomy has been the subject of much research and debate. Endoscopically aided placement has improved accuracy. Newer developments in PDT kits promise to minimize complications.
This study was designed to compare the ultra PDT and mini open techniques in randomized fixed and fresh cadavers, also to assess degrees of damage to tracheal cartilage and mucosa via tracheal lumen and external dissection.
Methods
A comparative cadaver study was performed in which tracheostomy was placed in thirty six cadavers from July 2004 to December 2004, in University of Alberta, Canada. The study was approved by the human research ethics board at the University of Alberta, Canada. Sixteen cadavers were preserved according to formalin embalming method and 20 were fresh. The fresh cadavers were from persons who had died <48 h previously before the study. Ultra percutaneous dilation tracheostomy (Portex Blue Line Ultra, size 7) were done by an experienced intensivist. Mini open tracheostomy (size 7) were done by an experienced otolaryngologist. The 16 fixed cadavers were randomized to be done either by the UPDT or MOT, and the same done for the fresh cadavers. Cadaver features evaluated included gender, and ease of landmark identification. Mucosal and cartilage injuries were evaluated on of Assigned an Injury Score (0 or 1). Then the data were analyzed by blinded examiner.
Once fixed, there was very little change. Also, mucosa and cartilage became very brittle and no bleeding occurred. The fresh cadavers (n = 20) were preserved <48 h. Mucosa and cartilage were unchanged (more resilient). They have vascular backflow. Also, they have similar properties of skin, fascia and thyroid. Characteristics of each cadaver were analyzed and recorded at the time of tracheostomy placement, including gender, adequacy of anatomical landmarks (cricoid cartilage, thyroid notch, sternal notch), and ease of neck extension. Subjective assessment of stoma site placement, degree of surrounding tissue injury, and degree of cartilage injury were conducted.
An open mini tracheostomy was performed on seven fixed cadaver and ten fresh cadaver. A 1 cm vertical incision was used and positioned 1 cm below the cricoid cartilage ( Figure 1 ). The strap muscles were separated, and the thyroid isthmus was divided. The trachea was entered via a horizontal incision above the second or third tracheal ring. An inferiorly based anterior tracheal wall flap was created by cutting the tracheal ring laterally, and a stay silk suture was placed through the tracheal wall flap. A seven trach tube was used.
Percutaneous dilational tracheostomy was performed by an experienced intensivist on nine fixed cadaver and ten fresh cadaver using a commercially available kit (Portex Blue Line Ultra, size 7), following the technique described by Ciaglia [6] (Figure 2 ). After maximal extension of the neck, appropriate anatomical landmarks were palpated and identified. A 1.5-cm vertical midline incision was made over the trachea. Tissue was carefully dissected to the level of the tracheal cartilage identifying a tracheal interspace below the cricoids cartilage. A cannulated needle on a saline-filled syringe was used to puncture the trachea, with aspiration confirming placement in the lumen. A guidewire was introduced, serial dilations were undertaken, and the tracheostomy tube was introduced ( Figure 2 ). After insertion, laryngotracheal specimens were harvested en bloc and analyzed by two otolaryngologists for injury at the stoma and surrounding tissue site.
Assessment of tracheal mucosal injury was graded on a scale of 0-4 as follows: 0 represented no appreciable mucosal tear beyond the intended stoma, 1 represented a mucosal tear into but not beyond one tracheal ring from the stoma, 2-a mucosal tear beyond one tracheal ring from the stoma, 3-bidirectional mucosal tears but not beyond the rings flanking the stoma, and 4-bidirectional mucosal tears beyond one tracheal ring flanking the stoma.
Assessment of injury to the cartilaginous rings ( Figures 3, 4) was evaluated on a scale of 0-4 as follows: 0 represented no appreciable cartilage fracture; 1-a cartilage fracture of one ring adjacent to the stoma, 2-a cartilage fracture of the superior and inferior error flanking the stoma, 3-a cartilage fracture into more that two cartilaginous rings, and 4-a fracture with multiple comminutions. A designation of "C" specified involvement of the cricoid cartilage.
The 16 fixed cadavers were randomized to be done either by the UPDT or MOT, and the same done for the fresh cadavers. Then the data were analyzed by blinded examiner, using olympus flexible laryngoscope and anatomical dissection. Statistical analysis was done using the modified grading system. In which, grade number corresponds to cartilage/mucosal ring damage. Expected injury if Grade <2, and Score of '0' . While beyond expected injury if Grade ≥2, and Score of '1' .
Results
Thirty six cadavers, 16 fixed and 20 fresh were enrolled in the study. Table 1 shows the demographics of the cadavers.
Among the fresh cadavers, ten were in the PDT arm and ten in the MOT arm. The fresh cadavers in the PDT arm, five were male and five were female. The mean age of the fresh cadavers in the PDT arm was 79 years, ranging between 69 and 94 years. The landmark was easily identified in six cadavers, while it was difficult in four cadavers. Among the fresh cadavers in the MOT arm, 3 were male and 7 female. The mean age of the fresh cadavers in the MOT arm was 74 years, ranging between 62 and 88 years. The landmark was easily identified in five cadavers, while it was difficult in five cadavers.
There were sixteen fixed cadaver, with nine fixed cadavers in the PDT arm and seven fixed cadavers in the MOT arm. The fixed cadavers in the PDT arm, five were male and four were female. The mean age of the fixed cadavers in the PDT arm was 81.5 years, ranging between 68 and 97 years. The landmark was easily identified in five cadavers, while it was difficult in four cadavers. The fixed cadavers in the MOT arm, three were male and four were female. The mean age of the fixed cadavers in the MOT arm was 75.8 years, ranging between 65 and 88 years. The landmark was easily identified in five cadavers, while it was difficult in two cadavers.
Sixteen fixed cadavers were included in the final analysis of the data, with nine fixed cadavers in the PDT arm and seven fixed cadavers in the MOT arm. The fixed cadavers demographics are compared in Table 2 . Significant difference was seen in PDT arm and MOT arm groups in each of the demographic categories ( Table 2 ). The mucosal injury was found in seven cadavers in PDT arm, while there was no mucosal injury in the MOT arm, which is statistically significant (p 0.008). Also, cartilage injury was found in eight cadavers in PDT arm, while there was one cartilage injury in the MOT arm, which is statistically significant (p 0.012).
Twenty fresh cadavers were included in the final analysis of the data, with ten fresh cadavers in the PDT arm and ten fresh cadavers in the MOT arm. The fresh cadavers demographics are compared in Table 2 . Significant difference was seen in PDT arm and MOT arm groups in each of the demographic categories (Table 2 ). Mucosal injury was found in five cadavers in PDT arm, while there was no mucosal injury in the MOT arm, which is statistically significant (p 0.043). Also, the cartilage injury was found in five cadavers in PDT arm, while there was no cartilage injury in the MOT arm, which is statistically significant (p 0.043).
Discussion
Tracheotomy is a very common procedure at tertiary centers like the University of Alberta Hospital; about 120 cases were done per year by an otolaryngology team, while 250 cases were done per year in the ICU. Prolonged ventilation, pulmonary toilet and emergencies are common indications. Method of tracheotomy has been the subject of much research and debate. In recent years we have noticed a trend in the development of subglottic stenosis in percutaneously trached patients. Traditionally a surgical airway was chosen, but many studies advocate the safety and efficacy of the percutaneous dilation method. We hypothesized that mini open tracheotomy results in more predictable injury patterns to the stoma micro anatomical environment then endoscopically guided ultra PDT. In 1985, Ciaglia re-introduced the technique of percutaneous dilational tracheostomy, which consists of the insertion of a guidewire through a puncture of the trachea, followed by several 'dilators' to create a sufficiently wide stoma [6] . Since then, the use of different variations of non-surgical dilational tracheostomies has dramatically increased [10, 17, 27] . At least four commercial sets for such 'minimal invasive' procedures are currently in use. In three of them, the cannula is inserted from outside. The other technique described by Fantoni and Ripamonti [9] in 1997 adopts a one-step procedure combining dilation and cannula insertion. The device is introduced through the larynx and has to be rotated in the trachea to reach the correct position.
Percutaneous dilational tracheostomy is a procedure widely accepted by intensive care physicians. Studies comparing the versatility of open surgical vs dilational tracheostomy techniques provide compelling evidence that the latter saves time and expense and is easy to perform at the bed side [28] . However, little is known about the potential long-term complications of percutaneous dilational tracheostomy, especially in patients with a persisting tracheostoma [26] .
Tracheal stenosis after tracheostomy was observed cranial to the tracheostoma and consisted of scar and granulation tissue. We speculate that the curved shape of the dilators and the recommended downward orientation of the dilator tip in the trachea used to avoid injury to the posterior tracheal wall results in an inward tearing of tracheal cartilage and soft tissues above the dilation site and an outward tearing below the dilation site. The outward pressure on the caudal anterior wall and an inward pressure on the cranial anterior wall of the trachea persist by the tracheal cannula due to the angle and the caudal direction of the tracheostomy canal. Therefore the intrusion of the anterior wall might be fixed in this position by the pressure of the inserted cannula. This could explain the frequently observed suprastomal tracheal stenosis.
In some of the classical non-flap surgical techniques such as simple horizontal incision of the anterior tracheal wall, a similar inward tearing mechanism of the suprastomal anterior tracheal wall can be assumed. In fact, stenosis as a complication associated with tracheostomy was described at the end of the 19th and the beginning of the 20th century before the introduction of translaryngeal intubation [29] [30] [31] . In those cases the tracheostoma was usually created by a classical open tracheostomy technique without a flap or by the use of 'tracheotom' instruments which appear very similar to the dilators used in the percutaneous dilational technique today [26] .
In contrast to dilational tracheostomy and non-flap surgical tracheostomy, a flap tracheostomy with an inverted U-flap of the anterior tracheal wall seems to minimise the risk for the development of a severe suprastomal tracheal stenosis. The creation of a stable and epithelialised tracheostoma may help to avoid inward tearing of the suprastomal anterior tracheal wall, thereby decreasing the risk for the development of a suprastomal tracheal stenosis as a long-term complication [26] .
In assessing anticipated ease of tracheostomy placement with tracheostomy, damage did not always correlate with the initial surgical impression. In several instances, mucosal and cartilaginous involvement was opposite of suspicion [1] . In our study, the difficulty of identifying the surgical landmark was not correlated with the mucosal or cartilage injury. Also, the age and the sex did not appear to correlate with injury to the tracheal wall.
Dexter [32] performed a cadaver study of 20 specimens in which PDT was placed and macroscopic analysis of the trachea was performed. He found that only 9 of 20 catheters (45%) entered at the intended position, with 7 higher and 4 lower than intended. Hotchkiss [1] compared their data of perceived tracheostomy placement versus actual placement, they found that three of six catheters entered at the intended position, with one higher and two lower. This supports Dexter's study demonstrating that approximately 50% of PDT catheters are actually placed where intended. Risk to injury of the cricoid cartilage is increased during high placement of PDT. Also, in Hotchkiss [1] , the stoma site being placed higher than intended resulted in multiple comminuted fractures involving the cricoid cartilage. As suggested by Jackson [2] cricoid comminutions during PDT may contribute to postoperative subglottic and tracheal stenosis in vivo.
The theory of PDT placement proposed by Hazard et al. [33] suggests that PDT may cause less risk for tracheal stenosis after decannulation because the cartilaginous rings remain intact. Rather than removing a portion of cartilage ring as in many standard open tracheotomies, the method of PDT theoretically enters the airway in a tracheal interspace, preventing disruption to the surrounding cartilage. The theory of Hazard et al. [33] may not consider the dynamics of tracheal collapsibility during PDT. The flexibility of the cartilage allows the anterior tracheal surface to be significantly displaced proximally and distally to the intended tracheostoma placement [34] . Injury probably occurs as pressure from the tracheostomy deforms the anterior wall, resulting in macroscopic and microscopic stress fractures of the surrounding cartilage rings.
In specimens and patients with calcification of the trachea, decreased cartilage flexibility is also likely to contribute to comminuted injury. Pressure on a less distensible calcified trachea has a lower fracture threshold. Hotchkiss [1] , showed five of six cadaver specimens demonstrated severe cartilage injury beyond the stoma site, including multiple comminutions of two or more rings flanking the stoma. Van Heurn et al. [35] showed that of 12 patients who had undergone autopsy after PDT, 11 had fractures of one or more tracheal rings, 2 of whom had fractured cricoids. These data demonstrate that injury from PDT placement involves more than the area intended for the stoma [1] . In our study, the mucosal injury was found in seven fixed cadavers in PDT arm, while there was no mucosal injury in the MOT arm, which is statistically significant (p 0.008). Also, the cartilage injury was found in eight fixed cadavers in PDT arm, while there was one cartilage injury in the MOT arm, which is statistically significant (p 0.012). While The mucosal injury was found in five fresh cadavers in PDT arm, while there was no mucosal injury in the MOT arm, which is statistically significant (p 0.043). Also, the cartilage injury was found in five fresh cadavers in PDT arm, while there was no cartilage injury in the MOT arm, which is statistically significant (p 0.043).
Our study suggests that a significant degree of damage happens at the time of PDT placement and not after prolonged intubation and ventilatory support. Proponents of PDT placement have stated that the procedure causes minimal disruption of the pretracheal tissue, which then acts as a natural stabilizer for the tracheostomy tube. Relative immobility at the tracheotomy site results in less long-term damage of the cartilage and mucosa [36] . However, our data seems to indicate that greater damage than previously appreciated occurs in the tracheal mucosa and cartilage at the time of PDT placement. A study by Marx et al. [37] suggested that tracheal injury occurring above and below a tracheostomy site is due to prolonged intubation. Although this may be a factor in some cases, our analysis showed a high degree of mucosal damage to the anterior tracheal wall. McFarlane et al. [38] reviewed four cases of stenosis after PDT, all of which had an anterior tracheal wall stenosis. The anterior tracheal location of the stenosis in the study of McFarlane et al. [38] correlates with the area of highest mucosal injury in our study.
A histopathological study by Stoeckli et al. [39] comparing PDT with standard tracheotomy procedures assessed anterior tracheal wall injury in multiple specimens and concluded that PDT creates a higher degree of acute cartilaginous damage than as seen with the standard open tracheotomy procedure.
Percutaneous dilatational tracheostomy under realtime sonographic guidance is a more recent approach that enables precise introducer needle and guidewire insertion, and thus a higher accuracy in placement of a tracheostomy tube is achieved [40, 41] .
The decision about which tracheostomy to performs should include an estimate of the potential time for which an individual patient might require a tracheostoma. If the severity of the underlying disease implies a longer period without decannulation, a flap-tracheostomy should be performed. We believe that this would help to minimise the risk of complications, optimise tracheostomy care, and improve the ability of the patient to communicate during rehabilitation. Our personal experience suggests that the creation of a stable and epithelialised tracheostoma may help to avoid inward tearing of the suprastomal anterior tracheal wall, thereby decreasing the risk of developing a tracheal stenosis.
Conclusions
This study is the first comparison of two commonly established techniques at the anatomical level. Because many patients undergoing PDT have multisystem organ failure and expire before decannulation or weaning from the ventilator, resultant subglottic stenosis either goes unrecognized or does not have time to develop. However, of patients surviving their acute illness after PDT placement, a subset develops subglottic stenosis that may require surgical intervention for successful decannulation. Considering the injury, MOT has better outcome than UPDT. 
